Animals adapt their behaviors to specific ecological niches, but the genetic and cellular basis of nervous system evolution is poorly understood. We have compared the olfactory circuits of the specialist Drosophila sechellia-which feeds exclusively on Morinda citrifolia fruit-with its generalist cousins D. melanogaster and D. simulans. We show that D. sechellia exhibits derived odor-evoked attraction and physiological sensitivity to the abundant Morinda volatile hexanoic acid and characterize how the responsible sensory receptor (the variant ionotropic glutamate receptor IR75b) and attractionmediating circuit have evolved. A single amino acid change in IR75b is sufficient to recode it as a hexanoic acid detector. Expanded representation of this sensory pathway in the brain relies on additional changes in the IR75b promoter and trans-acting loci. By contrast, higher-order circuit adaptations are not apparent, suggesting conserved central processing. Our work links olfactory ecology to structural and regulatory genetic changes influencing nervous system anatomy and function.
INTRODUCTION
Changes in the structure and function of nervous systems within the lifetime of an individual-on timescales ranging from milliseconds to years-are extensively documented and associated with adaptations to past experience. Even more dramatic, however, are those changes occurring over thousands of generations, as nervous systems are shaped by shifting environmental selection pressures to perceive and respond to new sensory cues. The genetic and cellular basis of such evolutionary modifications is poorly understood.
The olfactory system is an attractive place to investigate this problem, as animals face an ever-changing landscape of important odor cues (Ramdya and Benton, 2010) . Odor perception begins with the interaction of volatile chemicals with receptor proteins localized to the ciliated dendrites of olfactory sensory neurons (OSNs). In both vertebrates and insects, most OSNs express a single olfactory receptor. The axons of OSNs expressing the same olfactory receptor converge onto a discrete glomerulus within the primary olfactory center in the brain. Here, they synapse with projection neurons that target higher brain regions where decisions to initiate behavioral responses to odors are made (Su et al., 2009) .
The modular organization of olfactory circuits-where each receptor defines a distinct processing channel-is likely to underlie the flexible evolution of this sensory system. Diversification is most apparent in the large range of sizes of olfactory receptor repertoires across species and their extreme sequence variations (Nei et al., 2008) and in differences in the number and organization of olfactory glomeruli (Galizia and Rö ssler, 2010; Garrett and Steiper, 2014) . Several global correlations have been made between the differences in the olfactory systems of distinct species and their chemosensory ecology (Hayden et al., 2010) . Little is known about how evolution of specific olfactory pathways underlies behavioral adaption of an individual species.
Drosophila melanogaster is a powerful model to study olfactory evolution because it possesses a numerically simple and well-characterized olfactory system (Vosshall and Stocker, 2007) . Moreover, genome data and increasing experimental access to closely related, but ecologically diverse, drosophilids provide an excellent foundation for comparative analyses of their olfactory circuits. Among these species, Drosophila sechellia represents a historically important case study of behavioral adaptation (Jones, 2005) . D. sechellia's last common ancestor with D. melanogaster existed 3-5 million years ago, but it shared an ancestor with D. simulans about 0.25 million years ago (Garrigan et al., 2012; Lachaise and Silvain, 2004) . Both D. melanogaster and D. simulans are globally distributed generalists that are attracted to, feed from, and lay eggs on a range of fermenting fruits (Markow and O'Grady, 2008) . By contrast, D. sechellia is endemic to the Seychelles archipelago and feeds and breeds exclusively on the ripe ''noni'' fruit of Morinda citrifolia (Jones, 2005) . This host specialization might alleviate interspecific competition because other drosophilid species cannot grow upon Morinda fruit (Jones, 2005) . This fruit may also provide a nutritional source of dopamine precursors to compensate for defects in dopamine metabolism in D. sechellia (Lavista-Llanos et al., 2014) . The volatiles produced by Morinda fruit are dominated by medium-chain aliphatic acids, notably hexanoic and octanoic acids, but also include various esters, ketones, and alcohols (Farine et al., 1996; Pino et al., 2009) . The bouquet of this fruit is highly attractive to D. sechellia but aversive to D. melanogaster, D. simulans, and other drosophilids (Amlou et al., 1998; Farine et al., 1996; Higa and Fuyama, 1993) . Previous studies have shown that the D. sechellia olfactory system has evolved novel characteristics that may contribute to this behavioral adaptation. For example, two populations of OSNs that express Odorant Receptor 22a (OR22a) and OR85b and detect minor components of the Morinda fruit odor bouquet (methyl hexanoate and 2-heptanone, respectively) are greatly expanded in D. sechellia (Dekker et al., 2006; Ibba et al., 2010; Stensmyr et al., 2003) . D. sechellia OR22a neurons are also more sensitive to methyl hexanoate than those in D. melanogaster (Dekker et al., 2006) . However, D. simulans OR22a neurons display a similar increased responsiveness to this odor (Stensmyr et al., 2003) , so this physiological phenotype may not represent a specific olfactory adaptation of D. sechellia toward Morinda fruit. Moreover, the genetic bases of these physiological and expression changes are unknown.
Given the abundance of volatile acids in Morinda fruit, we asked how the acid-sensing olfactory pathways have evolved in drosophilids. Through comparative molecular, anatomical, and functional analyses, our results provide insight into the evolution of acid-sensing olfactory pathways at multiple circuit levels over long timescales (tens of millions of years) and reveal how modifications over shorter timescales (hundreds of thousands of years) might have endowed species-specific, odordriven behaviors.
RESULTS

Species-Specific and Stimulus-Specific Olfactory Preferences for Acids
To evaluate differences in olfactory preferences of drosophilids for the prominent acidic volatiles of Morinda fruit, we used a bioassay in which freely roaming flies could choose to enter traps containing grape juice to which we added a test acid or a control solvent ( Figure 1A ). Importantly, because animals do not come into contact with the acid stimulus until they are trapped, this assay assesses predominantly olfactory preferences, which contrasts with previous oviposition assays that simultaneously tested olfactory and contact chemosensory responses to acids (Amlou et al., 1998; Matsuo et al., 2007) .
In this assay, hexanoic acid was strongly aversive to D. melanogaster but highly attractive to D. sechellia ( Figure 1B) . D. simulans strains were either strongly repelled or indifferent to hexanoic acid. By contrast, octanoic acid did not elicit strong aversion or attraction in any species ( Figure 1C) . These results imply the existence of species-and stimulus-specific changes in the acid-sensing olfactory pathways of drosophilids.
Species-Specific Olfactory Detection of Volatile Acids
In D. melanogaster, dedicated organic acid-sensing OSNs are located in the antenna, with their dendrites housed in porous coeloconic sensilla. There are four antennal coeloconic (ac) classes, ac1-ac4, containing two or three OSNs Yao et al., 2005) . In each sensillum, one neuron responds mainly to subsets of organic acids (and related aldehydes), while the others are tuned to various amines Yao et al., 2005) . These OSNs (with one exception, Yao et al., 2005) express ionotropic receptor (IR) genes, which encode a family of olfactory receptors distantly related to ionotropic glutamate receptors (iGluRs) (Benton et al., 2009; Rytz et al., 2013) ( Figure 1D) .
We compared the responses of these OSNs in D. melanogaster, D. simulans, and D. sechellia by electrophysiological recordings using a panel of agonists for D. melanogaster coeloconic OSN classes Yao et al., 2005) , as well as hexanoic and octanoic acids ( Figure 1D ). Consistent with the conservation of antennal IR genes across drosophilids (Croset et al., 2010) , response profiles are qualitatively very similar ( Figure 1D ), at least for the most potent agonists.
For ac2 and ac3 sensilla, however, we observed several differences between the acid responses of D. sechellia and those of D. simulans and D. melanogaster. In ac2, responses to acetic acid are greatly diminished in D. sechellia, while responses to butyric acid, butyraldehyde, propionic acid, and 2-oxopentanoic acid are all increased ( Figure 1D ). In ac3, responses of the OR35a/IR76b-expressing OSN to hexyl acetate and octanol are consistent across all three species ( Figure 1D ). However, in D. sechellia, the partner neuron exhibits one of two distinct response profiles, which led us to classify two subtypes of ac3 sensilla (ac3I and ac3II) in this species ( Figure 1D ; Figure S1 ). In ac3I sensilla, this neuron responds strongly to hexanoic acid 14021-0251.254, 14021-0251.196), and D. sechellia (DSSC: 14021-0248.25, 14021-0248.07 ) (mean ± SEM; n = 15). Bars with the same letters are statistically indistinguishable. Pairwise Wilcoxon rank-sum test and p values adjusted for multiple comparisons using the Benjamini and Hochberg method calculated on the proportion of flies trapped in the hexanoic acid trap. (C) Olfactory responses to octanoic acid for the same strains as in (B) . No significant differences were found between any of the strains. (D) Electrophysiological responses in the four ac sensilla classes to the indicated odors (mean ± SEM; n = 9-19, mixed genders) in D. melanogaster (Bloomington: 2057), D. simulans (DSSC: 14021-0251.195), and D. sechellia (DSSC: 14021-0248.25) representing the summed, solvent-corrected activities of the neurons they house, indicated in the cartoons on the far left. For ac2, a small subset of the data came from Prieto-Godino et al. (2016) . The histogram shading distinguishes chemical classes of odors (red: acid, aldehyde; green: amine; blue: alcohol, ester), which activate the correspondingly colored neurons in the cartoons . In D. sechellia, two classes of ac3 sensilla (ac3I and ac3II) were distinguished ( Figure S1 ). with weaker responses to butyric acid, butyraldehyde, and propionic acid ( Figure 1D ; Figures S1E and S1F). In ac3II sensilla, olfactory responses are largely comparable to those of ac3 in D. melanogaster and D. simulans ( Figure 1D ). Together, these analyses revealed multiple differences in the peripheral olfactory recognition of organic acids between D. sechellia and D. melanogaster, notably a gain in response to the abundant Morinda fruit volatile hexanoic acid. Responses to octanoic acid were not detected in any neuron. The conservation of odor-tuning profiles between D. melanogaster and D. simulans argues that the distinct responses in D. sechellia are derived traits. These species-specific acid responses prompted us to first define the molecular and neural properties of the cognate olfactory pathways in D. melanogaster and, second, characterize how these properties have been modified in D. sechellia.
Functionally Variable Acid-Sensing Olfactory Sensory Neurons Express an Evolutionarily Dynamic Cluster of IR Genes In D. melanogaster, the acid-sensing OSNs in ac2 and ac3 express transcripts of one or more members of a tandem array of three IR genes-IR75a, IR75b, and IR75c (Benton et al., 2009) (Figures 2A and 2B )-consistent with the birth of these genes from a single ancestral gene by non-allelic homologous recombination. Phylogenetic analysis of dipteran homologs of these genes indicates that IR75a is most closely related to the ancestral locus of this cluster, while IR75b and IR75c are more recently derived, Drosophilidae-specific paralogs that appeared by gene duplication events $45-60 million years ago (Figure 2A ; Figure S2A; Data S1 and S2) . Independent duplications of IR75a have occurred in other species (Figure 2A and Figure S2A ), indicating that this is an evolutionarily dynamic locus. These properties contrast with many other antennal IRs, most of which exist as single-copy, deeply conserved orthologs ( Figure S2A ) (Croset et al., 2010) .
Segregated Sensory Neuron Expression of IR75a, IR75b, and IR75c in D. melanogaster In a related study , we established that D. melanogaster IR75a encodes the acetic acid receptor in ac2 and described the molecular basis of loss of sensitivity to this odor in D. sechellia. In ac3 sensilla, the acid-sensing IR neuron was not immediately obvious, as this neuron expresses a combination of transcripts for two or three IR loci: probes for IR75a and IR75b transcripts label all of these neurons, while an IR75c probe labels a subset of these cells (Benton et al., 2009) . During the isolation of cDNAs for these genes, we obtained many chimeric products, which suggested the occurrence of run-off transcription from the upstream loci in this cluster (Figure 2B) . We therefore reasoned that the IR75a probe might recognize both genuine coding IR75a transcripts and the 3 0 UTR of transcripts initiating from IR75b and IR75c. Likewise, the IR75b probe might recognize transcripts originating from both the IR75b and the IR75c promoters. To clarify the expression of these receptors, we defined their transcriptional regulatory sequences by promoter mapping and generated specific antibodies against each of these proteins ( Figure 2B ).
Two observations demonstrate that IR75a is expressed in ac2, but not ac3, sensilla. First, an IR75a-GAL4 transgene drives expression only in ac2 OSNs, which do not express transcripts for IR75b or IR75c ( Figure 2C ). Second, an IR75a antibody labels all of the IR75a-GAL4-positive cells ( Figure 2D ) but does not stain cells expressing IR75b-GAL4 or IR75c-GAL4 drivers ( Figure 2E ).
Within ac3 sensilla, the IR75c antibody labels all cells expressing IR75c RNA ( Figure 2F ), confirming that transcripts for this receptor define cells in which protein is also produced. This antibody also validated the expression of the IR75c-GAL4 driver ( Figure 2G ). Similarly, the IR75b antibody validated the faithfulness of the IR75b-GAL4 driver ( Figure 2H ). Importantly, cells expressing IR75b protein are completely distinct from IR75c protein-positive cells ( Figure 2I ). Moreover, these two subpopulations together could completely account for those labeled with the ''IR75b'' probe, confirming our hypothesis that this probe recognizes transcripts of both IR75b and, through run-off, IR75c ( Figure 2J ). In summary ( Figure 2K ), protein-coding transcripts for IR75a, IR75b, and IR75c are present in segregated populations of OSNs. There are two molecularly distinct classes of ac3 sensilla, which express IR75b or IR75c and correspond to the physiologically defined ac3I and ac3II classes ( Figure 1D ) for reasons described below.
These analyses also provide an initial view of gene regulation within this tandem cluster. IR75a, the putative ancestral member, requires sequences both 5 0 and 3 0 of the open reading frame (ORF) to recapitulate faithful receptor expression (Figure 2B ; Figure S2B ). Similarly, IR75c enhancer sequences are contained within cis-regulatory elements both up-and downstream of the start codon ( Figure 2B ; Figure S2B ). By contrast, (E) Immunostaining with a-IR75a (magenta) and a-GFP (green) on a whole-mount antenna of an IR75b-GAL4/+;IR75c-GAL4/UAS-CD8:GFP animal showing no overlap (n = 4 antennae). (F) Immunostaining with a-IR75c (magenta) and IR75c RNA FISH (green) on a whole-mount wild-type antenna. Both reagents label the same population of $11 OSNs per antenna (n = 7 antennae). (G) Immunostaining with a-IR75c (magenta) and a-GFP (green) on a whole-mount antenna of an IR75c-GAL4/UAS-CD8:GFP animal. All IR75c-GAL4-positive neurons are labeled with a-IR75c, and $95% of a-IR75c-positive neurons express IR75c-GAL4 (n = 5 antennae). (H) Immunostaining with a-IR75b (magenta) and a-GFP (green) on a whole-mount antenna of an IR75b-GAL4/UAS-CD8:GFP animal. All a-IR75b-positive neurons express IR75b-GAL4, and $95% of IR75b-GAL4-positive neurons are labeled with a-IR75b (n = 6 antennae). (I) Immunostaining with a-IR75b (green) and a-IR75c (magenta) on a whole-mount antenna of a wild-type animal revealing no overlap (n = 6 antennae). (J) Combined immunostaining with a-IR75b (green), a-IR75c (red), and IR75b RNA FISH probe (blue, which labels both IR75b and IR75c transcripts) on a wholemount antenna of wild-type animal. The individual channels are shown on the right, revealing that the segregated a-IR75b-positive-and a-IR75c-positive-expressing cells together completely account for those labeled by the IR75b RNA probe. (K) Summary of the expression of IR75a, IR75b, and IR75c proteins (red, blue, and green, respectively) and IR75a and IR75b exons contained within run-off transcripts (indicated by parentheses) in different sensilla. recapitulation of expression in IR75b neurons requires only the short (299 bp) intergenic sequence immediately upstream of the ORF ( Figure 2B ).
Conserved and Divergent Functions of D. melanogaster and D. sechellia IR75c and IR75b
The expression of IR75b and IR75c in discrete ac3 sensilla subtypes contrasted with the initial definition of ac3 as a single functional class in D. melanogaster ( Figure 1D ) (Yao et al., 2005) . We therefore investigated whether we could detect physiological differences in ac3 acid-sensing neurons in this species by measuring responses of either neuron type through selective cell ablation of the other using the IR75b-GAL4 and IR75c-GAL4 drivers and a UAS-Diphtheria toxin effector ( Figure 3A) . These experiments revealed that IR75b OSNs display higher responses to butyric acid than propionic acid, while IR75c OSNs are equally sensitive to these acids ( Figure 3A) ; we termed these sensilla classes ac3I and ac3II, respectively ( Figure 2K ). To confirm these subtle differences, we expressed IR75b and IR75c individually in heterologous ''IR decoder'' neurons, which comprise the ac4 IR84a mutant OSNs that lack the endogenous tuning receptor but still express the acid-sensing IR co-receptor IR8a ( Figure 3B ) Grosjean et al., 2011) . Consistent with our analysis of the endogenous neuron tuning properties, IR75b conferred higher sensitivity to butyric acid, while IR75c conferred higher sensitivity to propionic acid ( Figure 3B ).
The segregation of D. melanogaster IR75b (DmelIR75b) and DmelIR75c into distinct OSN populations recalled our observation in D. sechellia of the existence of two ac3 subtypes ( Figure 1D ). In contrast to D. melanogaster, however, one ac3 subtype in D. sechellia has evolved sensitivity to hexanoic acid ( Figure 1D ). To determine whether D. sechellia IR75b (DsecIR75b) or DsecIR75c, if either, is responsible for the responses to hexanoic acid, we ectopically expressed these receptors in the IR decoder in D. melanogaster. DsecIR75c conferred a response profile that was very similar to that of DmelIR75c and closely resembled the responses of ac3II sensilla in both species (Figures 1D and 3C ). By contrast, DsecIR75b conferred robust responses to hexanoic acid, as well as weaker responses to butyric and propionic acids, recapitulating the response profile of ac3I sensilla of D. sechellia ( Figures 1D and  3D ). These data indicate that IR75c function is conserved between these two drosophilid species but that IR75b has evolved novel physiological properties in D. sechellia. Figure 1D ), we reasoned that D. sechellia-specific amino acid substitutions were the most likely specificity determinants. Fifteen such positions were identified across the alignment ( Figure 4A ). The presumed ligand-binding domain (LBD) of IRs-by homology with their iGluR ancestors-comprises two lobes, which form a ''Venus fly trap''-like structure that encapsulates ligands (Armstrong and Gouaux, 2000) . Eleven of these D. sechellia-specific divergent amino acids were located within the LBD ( Figure 4A ). This represents an unusually high number: a similar analysis with IR75c revealed no such changes within the LBD ( Figure 4B ), consistent with its conserved response properties ( Figure 3C ), and most other acid-sensing antennal IRs have fewer than five D. sechellia-specific LBD substitutions ( Figure 4B ).
To further refine the predictions of residues that contribute to ligand specificity, we generated a three-dimensional structural model of the DsecIR75b LBD by protein homology modeling using the crystal structure of the AMPA-class iGluR GluA2 as template (Armstrong and Gouaux, 2000) ( Figure 4C ). This model revealed that four of these 11 amino acids are located within the putative ligand-binding pocket ( Figure 4C) .
We tested the role of these residues by engineering a version of DmelIR75b in which the amino acids found in DsecIR75b were substituted at each of these four positions (DmelIR75b P473S,G492S,A520T,T523S , abbreviated to DmelIR75b 4xLBD ). When expressed in the IR decoder, this receptor conferred sensitivity to hexanoic acid ( Figures 4D and 4E ). We then examined the contribution of each of these four amino acids through analysis of a series of four additional mutant receptors: DmelIR75b
and DmelIR75b T523S . Strikingly, DmelIR75b T523S alone was sufficient to confer hexanoic acid sensitivity ( Figures 4D and 4E) . Conversely, the reciprocal single amino acid mutation in the D. sechellia receptor (DsecIR75b S523T ) reduced responses to this odor ( Figure S3 ). Therefore, a single amino acid substitution in the LBD of IR75b-caused by a single nucleotide change (C1568G in the ORF)-is sufficient to recode this receptor from the ancestral specificity shared by D. melanogaster and D. simulans to the derived hexanoic acid-sensing properties. None of these amino acid substitutions are sufficient, however, to recapitulate the reduced sensitivity to other organic acids exhibited by DsecIR75b compared to DmelIR75b ( Figure 4E ).
Selective Expansion of the IR75b Neuron Population in D. sechellia
We next asked whether the evolution of sensory receptors in D. sechellia was accompanied by changes in the neurons that express them. We first quantified the number of different acidsensing neurons in the three drosophilid species. Notably, the number of IR75b-expressing OSNs in D. sechellia is over 2-fold greater than in the other drosophilids ( Figures 5A and 5B) . Only minor species-specific differences were noted in other IR neuron populations ( Figure 5B ). Interestingly, these include a modest decrease in D. sechellia in the number of IR64a-expressing OSNs, which comprise a broad-specificity acid (proton) sensor that mediates avoidance behavior in D. melanogaster (Figure 5B) . The selective expansion of the IR75b OSN population in D. sechellia relative to D. melanogaster and D. simulans is conserved across several different strains of each species ( Figure 5C ), suggesting that this phenotype is a derived, and potentially fixed, trait.
Expansion of the D. sechellia IR75b Neuron Population Involves Both cis-and trans-Regulatory Evolution To investigate the genetic basis of the increased number of IR75b OSNs, we first generated interspecific hybrids between D. sechellia and D. melanogaster. These hybrids have an ). Mean solvent corrected responses (±SEM; n = 8-23, mixed genders) are shown. Responses for DmelIR75b and DsecIR75b misexpression from Figure 3D are also shown for comparison. Statistical differences between genotypes were tested using an all pairwise comparison Wilcoxon rank-sum test among the responses to each odorant, and p values were adjusted for multiple comparisons using the Benjamini and Hochberg method. For each odor stimulus, bars labeled with different letters are significantly different; p values are provided in Table S1 .
intermediate number of IR75b OSNs ( Figure 5D ), indicating that this trait is not controlled by a single dominant or recessive locus. OSN receptor specification involves a hierarchy of combinations of transcription factors that ultimately activate the promoter of a particular gene (Barish and Volkan, 2015) . To assess whether the IR75b neuron population has expanded through trans-acting regulatory changes, we introduced our D. melanogaster IR75b-GAL4 driver ( Figure 2B ), together with a UAS-CD8:GFP reporter, into the D. sechellia/D. melanogaster hybrid. Expression of CD8:GFP was detected in nearly twice as many OSNs in the hybrids than in D. melanogaster controls (Figures 5E and 5F ). This result implies a contribution of changes in trans-acting developmental patterning mechanisms in D. sechellia that produce more OSNs in which the IR75b promoter is activated. Figure 5B ). These observations suggest that cis-regulatory changes have occurred in the IR75b promoter in the common ancestor of D. simulans and D. sechellia that led to a broadening of the expression domain of this receptor. Alignment of the IR75b promoter region from various strains of these drosophilid species reveals global high conservation of these sequences except for two derived deletions present in all D. sechellia and D. simulans strains ( Figure S4 ), which represent candidate changes causing alterations in promoter function. Regardless of their identity, the consequences of cis-acting mutations in the IR75b promoter is distinct in D. simulans and D. sechellia: in the former, these changes must have been suppressed by additional cis-or trans-acting regulatory mutations that have preserved the restriction of IR75b expression to the same number of neurons as in D. melanogaster. By contrast, in D. sechellia, these cis-acting mutations appear to have synergized with changes in trans-acting regulators to produce an increased number of IR75b neurons.
Conserved Wiring Logic but Divergent Representation Scales of Acid-Sensing Pathways in the Brain
To determine whether central circuitry downstream of IR75b has also changed, we visualized axonal projections of these OSNs to the primary olfactory center in the brain, the antennal lobe. In D. melanogaster, we used our IR-GAL4 lines ( Figure 2B ) to label axon termini with CD8:GFP. IR75a neurons innervate exclusively the DP1l glomerulus ( Figure 6A ), as described . IR75b and IR75c neurons selectively project to the neighboring DL2 glomerulus but segregate to distinct dorsal and ventral compartments, respectively (DL2d and DL2v) ( Figure 6A ). As transgenic tools are not available in D. sechellia, we mapped OSN projections in this species by backfilling sensilla with neurobiotin. ac2 (IR75a) acid-sensing neurons project to the DP1l glomerulus ( Figure 6B ). Hexanoic acid-sensing ac3I (IR75b) neurons project to the equivalent DL2d glomerular subcompartment, while ac3II (IR75c) OSNs project to DL2v ( Figure 6B ; Figure S1 ). These results indicate that the wiring logic from the sensory periphery to the brain is conserved between D. melanogaster and D. sechellia.
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IR75c-GAL4 ac3II backfill Figure S1 ). The backfilling technique can potentially label all neurons innervating a particular sensillum; in ac3I and ac3II sensilla backfills, the projections to the VC3 glomerulus are also visible (white asterisks), which are likely to correspond to OR35a neurons (Couto et al., 2005) . Scale bar, 10 mm. DL2d may reflect, at least in part, the large increase in the number of IR75b OSNs ( Figure 5B ), the similar number of IR75c OSNs in these species ( Figure 5B ) implies that expansion of the DL2v glomerulus has occurred through other mechanisms.
Conserved Wiring of Acid-Sensing Circuits in Higher Brain Centers
From the antennal lobe, projection neurons (PNs) carry olfactory information to two higher brain centers: the mushroom body, a site of learning and sensory integration, and the lateral horn (LH), which mediates experience-independent, odor-evoked behaviors (Masse et al., 2009 ). In D. melanogaster, genetic labeling combined with image registration methods showed that PNs innervating DL2d (IR75b) and DL2v (IR75c) glomeruli have relatively sparse innervations in the mushroom body and more pronounced arborizations in the most lateral region of the LH (Figure 7A ) (Chiang et al., 2011; Costa et al., 2016; Jefferis et al., 2007; Silbering et al., 2011) . Here, DL2d and DL2v axons are highly interdigitated ( Figure 7A ). This pattern raises the possibility that these two sensory pathways converge on common thirdorder neurons.
To label D. sechellia PN terminations in the LH, we selectively electroporated DL2d and DL2v glomeruli with different fluorescent dyes. To validate this approach, we backfilled DL2d and DL2v PNs in D. melanogaster, which reproduced the overlapping LH patterns observed by genetic labeling (Figures 7A-7C) . In D. sechellia, DL2d and DL2v PN labeling produced qualitatively very similar innervations ( Figure 7C ). We used the NBLAST algorithm to compare DL2d and DL2v PN axon projections quantitatively in the LH within each species. This algorithm measures pairwise neuronal similarity by position and local geometry to give an NBLAST score ranging from 0 (completely different neurons) to 1 (exactly the same neuronal image and reconstruction) . We first determined the range of similarity of LH axonal arbors of DL2d and DL2v PNs in D. melanogaster using a large dataset of genetically labeled, annotated, and registered PNs (Chiang et al., 2011; Costa et al., 2016) (Figure 7D ). We then performed the same operation for the paired dye-filled DL2d and DL2v PNs in D. melanogaster and D. sechellia ( Figure 7D ). The resulting NBLAST scores from the D. sechellia DL2d/DL2v comparison were indistinguishable from those obtained from the large D. melanogaster dataset ( Figure 7D) . We conclude that, in D. sechellia, the projections in the LH of the PNs receiving input from IR75b and IR75c OSNs do not appear to have changed in relative position or morphology, at least within the resolution of our analysis.
Increased Sensory Pooling on IR75b Channel Projection Neurons in the D. sechellia Brain Given the expansion of the IR75b OSN population in D. sechellia, we investigated whether there is a concomitant increase in the number of DL2d PNs. The electroporation technique leads to labeling of the cell bodies of PNs, as well as local interneurons (LNs) innervating the targeted glomerulus ), but we could distinguish PN soma by their characteristic position on the anterodorsal side of the antennal lobe Yu et al., 2010) (Figure 7E) . We found the mean number of labeled DL2d PNs to be similar in D. melanogaster and D. sechellia ( Figure 7F ). This observation suggests that there is increased pooling of sensory signals from IR75b OSNs on their PN partners in D. sechellia. For the DL2v glomerulus, PN numbers were also similar ( Figure 7F ).
The IR75b Olfactory Pathway Promotes Behavioral Attraction
The strong preference of D. sechellia for hexanoic acid ( Figure 1B ) predicts that the IR75b pathway promotes behavioral attraction. Although this is difficult to assess directly in D. sechellia, we reasoned that we could test this hypothesis in D. melanogaster, given the similarities in wiring properties of this pathway between these species. Because odor agonists for IR75b neurons in D. melanogaster also activate other OSN populations, including IR75c neurons and those expressing broadly tuned ORs (Hallem and Carlson, 2006) , we selectively activated IR75b OSNs with light by making use of our IR75b-GAL4 driver to express the red-light sensitive channelrhodopsin CsChrimson (Klapoetke et al., 2014) (Figures S5A and S5B) . We asked how these animals (IR75b>CsChrimson) behaved in a positional preference assay in which quadrants of a circular arena are alternately illuminated with red light ( Figure 7G ) (Aso et al., 2014; Klapoetke et al., 2014) . We observed that IR75b>CsChrimson flies were significantly, albeit weakly, attracted toward red light compared to control animals bearing the GAL4 driver or CsChrimson transgenes alone ( Figure 7H ). As a further control, we drove expression of CsChrimson with the promoter of GR21a to stimulate a sensory pathway that mediates behavioral aversion (Suh et al., 2004) ; as expected, these flies avoided red light ( Figure 7H ). Together, these results indicate that activation of IR75b OSNs is sufficient to promote attraction.
DISCUSSION
We have taken advantage of the experimental accessibility of drosophilid species of well-defined phylogeny and distinct ecology to investigate the evolution of their olfactory circuits. We have defined molecular, physiological, and anatomical properties of three acid-sensing pathways in D. melanogaster and have shown how these have undergone multiple derived adaptations in the specialist D. sechellia.
Evolution of Olfactory Pathways
New olfactory pathways appear to evolve with ease, as implied by the large expansions of receptor repertoires and glomerular numbers in different species (Galizia and Rö ssler, 2010; Garrett PIs (attraction) would shift the distribution to the right as flies spend more time in the illuminated quadrants, and negative PIs (repulsion) would shift it toward the left. GR21a>CsChrimson flies (w;GR21a-GAL4/UAS-CsChrimson) are significantly repelled by red light, while IR75b>CsChrimson flies (w;IR75b-GAL4/UASCsChrimson) are significantly attracted to red light when compared to controls (w;IR75b-GAL4/+ and w;UAS-CsChrimson/+). Kolmogorov-Smirnov test with Benjamini and Hochberg for multiple comparisons; ***p < 0.0001. and Steiper, 2014; Nei et al., 2008) . Our characterization of the olfactory circuits expressing IR75a, IR75b, and IR75c in D. melanogaster highlights key elements of this process.
First, the tandem organization of these genes presumably reflects their birth by non-allelic homologous recombination. This process underlies the generation of most olfactory receptors (Benton, 2015; Godfrey et al., 2004) and may define the initial event in the evolution of new sensory pathways. The conservation of IR75a-IR75b-IR75c across drosophilids, but not in nonDrosophilidae dipterans, suggests that two gene duplication events of the ancestral IR75a-like locus occurred in rapid succession in the last common ancestor of Drosophilidae 45-60 million years ago.
Second, the divergence in receptor coding sequences reflects their acquisition of different odor recognition properties, an essential step to eliminate redundancy and avoid gene loss. While IR75a displays a distinct response profile, IR75b and IR75c are functionally highly overlapping, consistent with phylogenetic evidence that these genes share a more recent common ancestor. Our observation that these latter receptors display quantitative differences in sensitivity to common agonists suggests that they might function in concentration coding of odors. Alternatively, future identification of unique ligands for IR75b and IR75c may reveal distinct functions for these two pathways.
Third, concurrently with, before, or after receptor protein diversification, gene regulatory mechanisms have changed to ensure discrete OSN expression patterns of these three loci. Future mapping of the relevant cis-regulatory elements within the compact IR75a-IR75b-IR75c ''regulatory archipelago'' (Montavon et al., 2011) and the corresponding trans-acting factors will reveal how duplicated receptor genes evolve distinct neuronal expression properties.
Fourth, segregated expression of IR75a, IR75b, and IR75c is strictly linked to the discrete projections of these neuron populations in the brain. How novel OSN targeting specificities evolve is unknown, but previous analyses revealed a correlation between the distance separating target glomeruli of pairs of OSN classes and the molecular divergence of the receptors they express (Couto et al., 2005; Silbering et al., 2011) . This relationship suggested a model of glomerular evolution in which OSNs that express recently diverged receptor genes segregate their axon termini within a ''parental'' glomerulus to form discrete innervation patterns (Ramdya and Benton, 2010) . In this context, the projection of IR75b and IR75c OSNs to the closely apposed DL2d and DL2v glomerular subcompartments may represent an example of glomerular formation ''in progress.'' Finally, anatomical and developmental properties of the PNs with which these OSN classes synapse offer insight into how these interneurons might have evolved. All of these PN classes arise within a stereotyped neuroblast lineage . Most PN classes receiving input from IR-expressing OSNs are born early in the lineage ( Figure S6 ) before those synapsing with OR-expressing OSNs. This phenomenon may reflect ''ontogeny recapitulating phylogeny,'' i.e., earlier evolving structures (such as the IR olfactory circuits) develop first (Croset et al., 2010; Silbering et al., 2011) . The DL2d and DL2v PNs are notable exceptions, being specified at the very end of this neuroblast lineage (Figure S6 ). We speculate that late development of these PN classes reflects a more recent origin of the IR75b and IR75c circuits.
Genetic Basis of Functional and Structural Olfactory Adaptations in a Specialist
Our comparison of these acid-sensing olfactory pathways in D. melanogaster, D. simulans, and D. sechellia provides insight into evolution over shorter timescales. The most prominent phenotypic changes that we have identified in the acid-sensing circuits are peripheral modifications to odor recognition properties, including both loss and gain of sensory responses. The loss of responses in IR75a neurons to acetic acid-an odor associated with microbial fermentation that is attractive for D. melanogaster (Becher et al., 2010) -is consistent with the preference of D. sechellia for ripe, rather than decaying, Morinda fruit. Loss or reduction of sensitivity to chemical cues may be a common feature of host specialization (Jaeger et al., 2013; Leary et al., 2012; McGrath et al., 2011) .
Gain of olfactory sensitivities is anticipated as an evolutionary mechanism to allow animals to benefit from novel environmental signals. Our characterization of D. sechellia IR75b represents, to our knowledge, the first elucidation of the molecular basis of a gain in sensitivity to an ecologically relevant odor, hexanoic acid. It is striking that this trait is conferred largely by a single amino acid substitution, T523S, in the LBD pocket. We suggest that replacement of a larger amino acid by a smaller serine residue permits accommodation of longer carboxylic acids. The equivalent residue in the AMPA family iGluR GluA2, Y732, has been predicted to be functionally important, although its precise role is unclear, with suggestions that it might directly bind ligands (Armstrong and Gouaux, 2000) or stabilize an ''activated'' state (Mamonova et al., 2008) . Evolutionary guided structure-function studies in IRs may therefore provide insights into novel functional properties of iGluRs.
The profound peripheral changes in D. sechellia do not appear to be associated with drastic modifications in the wiring logic of these sensory pathways at either sensory or projection neuron levels. We observed, however, a substantial increase in the number of IR75b OSNs in D. sechellia compared to other drosophilids and an increase in the volume of its target glomerulus, DL2d. Increased sensory neuron populations and enlarged glomeruli have been noted for other D. sechellia OSN classes (Dekker et al., 2006; Ibba et al., 2010) and may be a general hallmark of olfactory pathways tuned to important stimuli. We have not observed commensurate increases in DL2d PN number in D. sechellia. Because all OSNs within a glomerulus are thought to provide input to each PN (Kazama and Wilson, 2008) , the peripheral anatomical changes in this species might enhance the signal-to-noise ratio of the sensory transformation at this first synapse (Bhandawat et al., 2007) Our data indicate the contribution of both cis-and transregulatory changes to the increased IR75b cell numbers in D. sechellia. Interestingly, the divergent function of the IR75b promoter is common to both D. simulans and D. sechellia, whereas the divergent phenotype and trans-regulators are only found in the latter. These observations suggest that cis-acting mutations were fixed first in the common ancestor of D. simulans and D. sechellia, and subsequent mutations in trans-acting factors of compensatory and enhancing nature arose in the D. simulans and D. sechellia lineages, respectively. Whether fixation of cisor trans-modifications occurs first during regulatory evolution, and which scenario is more common, is unclear (Camino et al., 2015; Coolon et al., 2014) . Our data provide an instance in a neuronal phenotype where the first scenario is more likely. Future genetic investigation of this simple model should inform the types of trans-acting developmental genes and allelic variants that underlie the increase in neuron population size.
Linking Nervous System Adaptations to Behavior
The behavioral attraction induced upon activation of the IR75b sensory pathway in D. melanogaster is consistent with a model in which the peripheral adaptations in this sensory circuit in D. sechellia have contributed to the increased preference for hexanoic acid. It is very likely, however, that other changes in olfactory pathways also influence host preference differences (Dekker et al., 2006; Ibba et al., 2010; Stensmyr et al., 2003) . Within the acid-sensing pathways, we have shown that the broadly tuned IR64a neurons are decreased in number in D. sechellia. As this sensory population mediates avoidance in D. melanogaster , general olfactory avoidance of low pH substrates, such as Morinda fruit, mediated by this pathway is likely to be reduced in D. sechellia. Evolution of hexanoic acid sensing by D. sechellia IR75b might have provided a selective advantage both to locate this fruit and to help override IR64a-mediated aversion.
Adaptations of D. sechellia's feeding and oviposition preferences for relevant host cues (including hexanoic and octanoic acids) have also been described (Amlou et al., 1998; Higa and Fuyama, 1993; Matsuo et al., 2007) . The gustatory-expressed perireceptor ''odorant'' binding proteins OBP57d/e have been implicated in determining this preference (Matsuo et al., 2007) , although their function and corresponding sensory pathway(s) are unclear. Finally, D. sechellia has also acquired resistance (through unknown mechanisms) to the high concentrations of acids in Morinda fruit, which are toxic for other drosophilids (Jones, 2005) .
Through characterization of changes in the acid-sensing olfactory pathways in drosophilids, we may now begin to explore how these species-specific adaptations integrate and synergize with other phenotypic traits to produce unique behaviors in nature. These model circuits should therefore offer insights into the principles by which random genetic mutations confer selectively advantageous structural and functional changes in the nervous system.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: to a thin Sylgard sheet (World Precision Instruments) in a 35 mm Petri dish (Falcon) filled with saline. Pulled glass electrodes were backfilled with Texas Red Dextran (Invitrogen) or fluorescein (Invitrogen) and positioned in the center of the DL2d or DL2v glomerulus, respectively. Dyes were electroporated by applying voltage pulses (50-70 V pulses) until the dye became visible in distal neural processes. The dye was left to diffuse for 30-60 min and imaged using an Ultima two-photon laser scanning microscope (Bruker Nanosystems) equipped with galvanometers driving a Chameleon Ultra II Ti:Sapphire laser. Emitted fluorescence was detected with photomultiplier-tube or GaAsP photodiode (Hamamatsu) detectors. Images were acquired with an Olympus 603, 0.9 numerical aperture objective at 512 3 512 pixels resolution. For D. melanogaster, we used w;IR75b-GAL4;UAS-CD8:GFP flies, with the OSN fluorescent marker guiding identification of the DL2d glomerulus; for D. sechellia we used strain DSSC: 14021-0248.25. For D. sechellia, identification of DL2d and DL2v for dye-filling was made based on glomerular anatomy revealed by IR-DIC optics. For several brains, correct targeting was posteriorly verified through neuropil staining using conjugated bungarotoxin: after PN dye-filling, brains were incubated for 20-30 min with a-Bungarotoxin conjugated with AlexaFluor-647 (Molecular Probes, 1:200), followed by a 5 min wash and immediately imaged under a confocal microscope (Leica SP8 laser scanning microscope).
Electrophysiology, Odorants, and Odor Response Profile Analysis Single sensillum electrophysiological recordings were performed essentially as described (Benton and Dahanukar, 2011) . Chemicals were purchased from Sigma-Aldrich and were of the highest purity available (Key Resources Table) . Odorants were used at 1% (v/v) in all experiments unless otherwise noted in the figure legends. Solvents were double-distilled H 2 O (1,4-diaminobutane, acetic acid, ammonium hydroxide, butyric acid, hexanoic acid, phenylacetic acid, propionic acid, spermidine) or paraffin oil (2-oxopentanoic acid, 2,3-butanedione, butyraldehyde, hexanol, hexyl acetate, octanoic acid, octanol, pentyl acetate, phenylacetaldehyde, phenylethylamine, propionaldehyde, pyridine, pyrrolidine).
For optogenetic stimulation in Figure S5B , an LED array (Stick x8 NeoPixel RGB, Adafruit product ID: 1426) was controlled by a microcontroller (Arduino) using custom software to illuminate a single LED for 500 ms at different intensities in sequential trials.
Behavior
Olfactory Preference
The free-walking bioassay was adapted from (Dekker et al., 2006; Silbering et al., 2016) . In brief, odor traps were constructed by inserting a 200 mL pipette tip (trimmed $26 mm from the wide end) into a hole drilled in the lid of a polystyrene tube (3.5 mL; 3 cm height, 1.5 cm diameter; Semadeni, Ostermundigen, Switzerland). Traps were filled with 300 mL 1% octanoic acid or hexanoic acid diluted in grape juice containing 0.2% Triton. For each experiment two traps (one containing only grape juice and the other containing the diluted odor) were arranged on opposite sides of the behavioral arena, comprising a polystyrene Petri dish (6 cm height, 12 cm diameter; Semadeni, Ostermundigen, Switzerland) ( Figure 1A ). 20-30 fed, mated, ice-anesthetized female flies were introduced into the arena, which was then closed with gauze. Trapping of flies was scored after 24 hr at 25 C in the light at 60% humidity. Optogenetic Stimulation of Freely Behaving Flies As illustrated in Figure S5A , an LED array (Flexible 16 3 16 NeoPixel RGB LED Matrix, Adafruit product ID: 2547) was controlled by a microcontroller (Arduino) using custom software to independently illuminate, from below, each quadrant in the circular arena placed on top of it. A diffuser (Optically Colored Cast Acrylic Sheet, 1/8 inch thick, 12 3 12 inch, white, McMaster, 8505K11) was placed between the LED array and the behavioral arena. The behavioral arena was made by attaching a circular black opaque rim (100 mm inner diameter, 3 mm depth; 3D-printed using a MakerBot Replicator 23) to a transparent glass plate (16 3 16 cm). The arena was covered by a second transparent glass plate (16 3 16 cm) to allow fly behavior recording.
Flies were raised on standard fly food supplemented with 1.5 mM all-trans-retinal (Sigma Aldrich) from embryonic stages up to adulthood and kept at 25 C in the dark. Flies were starved for 24 hr before experiments in water containing 1.5 mM all-trans retinal. For each experiment 15-26 mated female flies ($3-5 days old) were introduced into each arena. After a 30 s period of adaptation in the dark, we illuminated with 623 nm red light two opposing quadrants (Q2 and Q4) of each arena with the LED array (0.25 mW/mm 2 , as measured with a S170C slide sensor connected to a PM200 power meter [Thorlabs]) for 30 s; after a 30 s gap during which all LEDs were off, we switched illumination to the other two quadrants (Q1 and Q3) for the next 30 s ( Figure 7G ). Behavior was recorded by taking images at 1 Hz using a USB3 Camera and uEye 3.0 Camera monochrome sensor (CL electronics GmbH). Image analysis was performed with ImageJ 1.4 s software (U.S National Institute of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/) .
QUANTIFICATION AND STATISTICAL ANALYSIS Quantification and Analysis of Odor Responses
To quantify odor-evoked responses we calculated the summed activity of all OSNs in a sensillum to a given stimulus by counting the number of spikes in a 500 ms window at stimulus onset (200 ms after stimulus delivery due to a delay introduced by the air path), subtracting the number of spikes in a 500 ms window 2 s before stimulus delivery, and doubling the result to obtain spikes/s. To calculate the solvent-corrected responses shown in the figures, we subtracted from the response to each diluted odor, the response obtained when stimulating with the corresponding solvent. The sample sizes (n) indicated in the figure legends correspond to biological replicates (different sensilla), with a maximum of three sensilla per animal.
Statistical Analysis
Data were analyzed and plotted using ''R project'' (R Foundation for Statistical Computing, Vienna, Austria, 2005; http://R-project. org). Unless otherwise stated in the figure legends, data were analyzed statistically using the Shapiro-Wilk test to assess for normality followed by a Student's t test or a Wilcoxon rank-sum test as appropriate. When p value correction for multiple comparisons was required, the Benjamini & Hochberg method was used.
DATA AND SOFTWARE AVAILABILITY
Raw data and custom-made analysis scripts are available upon request. The predicted nucleotide and protein sequences of newly annotated dipteran IRs are available for download as Data S1 and Data S2, respectively. The accession numbers for the cloned nucleotides reported in this paper are Genbank: KY205710 (D. melanogaster IR75b), Genbank: KY205711 (D. sechellia IR75b), Genbank: KY205712 (D. melanogaster IR75c), and Genbank: KY205713 (D. sechellia IR75c).
